Ethanol biofuel demand in Brazil is highly dependent on macroeconomic and policy drivers, making it difficult to anticipate future production and associated environmental implications.
Introduction
Brazil is the largest producer of sugarcane crops globally , which are essentially used as feedstock in the production of sugar and ethanol. Although the production of sugar is mostly driven by external markets, the ethanol produced in Brazil is primarily consumed domestically in the transportation sector. One of the reasons for this high domestic demand for ethanol is the fuel blend mandate, which currently blends 27% of anhydrous ethanol (in volume) into the gasoline (E27). Another strong factor is the increasing share of flex-fuel vehicles in the Brazilian light-duty vehicles (LDV) fleet. Flex-fuel vehicles have adapted engines able to use not only the default fuel blend (E27), but also the 100% hydrous ethanol (E100) and any blend in between this range.
Despite having a consolidated ethanol sector in the country, the Brazilian government has announced on its Nationally Determined Contribution (NDC) for the Paris Agreement the intention to further increase biofuels supply and consumption. This increase is targeted at raising the share of sustainable biofuels in the energy mix up to 18% by 2030 (Brazil, 2016) .
Accordingly, the Brazilian legal framework has reinforced commitments like the NDC with the recently approved National Biofuels Policy (also known as RenovaBio), as specified by the Law 13576/2017 (Brasil, 2017) .
Such strong support towards the biofuel industry is likely to result in the increase of future demand for ethanol in Brazil. However, the association of biofuels production to environmental and socio-economic impacts has caught global attention in the last few decades (Searchinger et al., 2008) . Because edible crops, such as sugarcane and soybean, are currently the main feedstock used in biofuel production in Brazil, their associated environmental impacts are typically related to large-scale agriculture production. These impacts include biodiversity threats, ecosystem exposure, soil degradation, water withdrawal and contamination, and landuse change (Foley et al., 2005; Koh and Ghazoul, 2008) . Land-use change impacts from biofuels production are a major concern in tropical countries (Danielsen et al., 2009 ). Land conversion driven by biofuels, in addition to affecting food production, could release more carbon dioxide emissions than what biofuels are expected to save in the first place (Smith and Searchinger, 2012) . Fargione et al. (2008) has drawn attention to the "biofuel carbon debt" caused by biofuel-driven land-use change. They indicate that it would take 17 years of ethanol replacing fossil fuels to offset a potential carbon debt created by converting Brazilian wooded Cerrado lands into sugarcane crops. Lapola et al. (2010) studied both direct and indirect landuse changes of sugarcane ethanol production in this regard. They show that it would take four years to offset carbon emissions when only direct emissions from land-use change are accounted. However, offsetting carbon emissions from indirect land-use change (e.g. land conversion caused by sugarcane pushing rangelands into the Amazon rainforest and Cerrado) could require 40 more years of fossil fuels replacement. The work from Lapola et al. (2010) was novel and important to understand the dynamics of direct and indirect land-use changes driven by biofuels in a Brazilian context. However, results from their modelling framework were based on Brazil's biofuel production targets that did not materialize. In 2010, the authors assumed projections of 50 billion litres of ethanol demand by 2020a prediction inconsistent to the consumption of 33 billion litres observed in 2018 (CONAB 2019) . A crucial reason for understanding the future ethanol demand is its implications on land-use and competition, since sugarcane is the main feedstock for biofuel production in Brazil. Disentangling the contribution of different drivers of change is indeed a necessary step to navigate the space of possible results obtained in projections and policy assessment using land-use change modelling (Verstegen et al. 2016) .
One explanation for the disparity between ethanol demand projections used by Lapola in Brazil. (a) GDP per capita in Brazil, in 2010 US dollars (World Bank, 2017 . (b) Fuel blend mandates over the years in Brazil. (c) Relative prices between ethanol and the default fuel blend (ANP, 2017a) . (d) Light-duty vehicle fleet composition and numbers. Data reconstructed based on MMA (2013) , CETESB (2017) , . See Supporting Information (SI) Table S1 and Table S2 .
Here we analyse in detail how macroeconomic and policy drivers can shape the future demand for ethanol in Brazil. We design three different scenarios of ethanol demand towards 2030 to estimate their land-use implications. We first project future demand for passenger transport in Brazil, and combine these projections with other variables (e.g. fuel prices and fuel blend mandates) to predict future demand for fuel. We then model land-use competition using the detailed partial equilibrium economic model GLOBIOM-Brazil (Soterroni et al. 2018) . We consider the current land-use policy in Brazil and assume a scenario of imperfect illegal deforestation control in the Amazon and the Cerrado biomes. Our land-use and competition results are key information to understand the consequences of increasing the supply of Brazilian ethanol towards 2030 in the context of the Paris Agreement.
Methods and data
We base our methods on three main steps: (1) 
Demand for transport
We project demand for transport by estimating future passenger-kilometre (pkm)1 for LDV in Brazil towards 2030. For this purpose, we assess the relationship between road passenger transport by passenger cars, expressed in pkm per capita (y-axis, Figure 3 ), and GDP per capita (x-axis, Figure 3 ). We assess this relationship through a panel analysis between 1970 and 2016 on a selection of countries for which transportation data are available. Figure 3 shows this relationship through time, from which we use the resulting function to project future demand for road passenger transport in Brazil. GDP coefficient, intercept and most country fixed effects were found significant2, showing a virtually zero p-value. We use transport demand data from OECD statistics (OECD 2018), from which only two countries, Lithuania and 1 A passenger-kilometer (pkm) represents the transport of one passenger over one kilometer. 2 We found significant fixed effects in 20 out of 24 countries in the panel analysis. In the case of Brazil, the fixed effect could not be statistically significant because we only had one single data point added to the regression to derive an estimate of the fixed effect.
Russian Federation, were removed due to inconsistency in their time series. Brazilian passenger transport demand for LDV in 2013 (5,259 pkm per capita) was added to derive the country fixed effect (COPPE/EPE, 2014) . The demand for transport per capita y can be expressed as a log-log function of the GDP per capita x, according to the relation:
where i and t are the indices for country and time; a is the county fixed effect; b is the coefficient applied to the independent variable x and e is the error term (R2 = 0.98). More information on the model is found on Supporting Information (SI) Table S3 .
Figure 3. Countries' transport demand per capita and their GDP per capita. Lithuania and
Russian Federation were removed due to inconsistency in their time series. Source: Elaborated by the authors using inland road passenger transport data from OECD (2018) and COPPE/EPE (2014) . GDP data from World Bank (2017) .
Future values of GDP per capita for Brazil used for transport demand projections (Table 1) are based on GDP and population growth projections for Brazil (Dellink et al., 2017) from the Shared Socioeconomic Pathways (SSP)3. 
Demand for ethanol
We estimate future fuel demand for every type of LDV v in a given year t, expressed as tonne of oil equivalent (toe), by the equation (2) below
where Transport demand is the total passenger transport demand for LDV, expressed as pkm, LDV contribution is the percentage of each type of LDV contributing on meeting the passenger transport demand, and Fuel coeff is the fuel consumption coefficient, expressed as toe/pkm.
Total passenger transport demand for LDV comes from the projection based on the panel model in equation (1). The percentage of each type of LDV contributing to the total transport demand is determined based on different datasets, reporting historical Brazilian fleet. The historical fleet was used to compute the average driven distance per type of LDV, and then per passenger using an average LDV occupancy coefficient. Historical data on vehicle numbers is based on the National Emissions Inventory for Road Vehicles (MMA, 2013), and CETESB (2017) , as shown in SI Tables S1 and S2.
There is no historical statistics on driven distance for each type of LDV in Brazil. To calculate the distance driven by Brazilian LDV in a given year, we use the "intensity of use"4 curves developed by the São Paulo state environmental department (CETESB, 2013) . We combine these curves with the average age of vehicles in a given year presented by CETESB (2017), which we bring as SI Table S4 . We use both "intensity of use" curves and average age of vehicles from the state of São Paulo as a proxy for the whole country. This assumption is supported by the fact that São Paulo state has the largest LDV fleet numbers in Brazil (i.e. nearly 28% of the whole country's fleet). The intensity of use curves y per each type of vehicle v in a given year t are estimated by CETESB (2013) by using the equation (2) below where x represents the average age of each type of vehicle; α, β, γ and δ are specific parameters applied to each type of vehicle, as presented in SI Table S5 .
where x represents the average age of each type of vehicle; α, β, γ and δ are specific parameters applied to each type of vehicle, as presented in SI Table S5 .
We find the historical passenger transport values per type of LDV by combining the average driven distance per each type of LDV to the historical fleet numbers (SI Table S2 ). We follow by applying an average occupancy rate of 1. We model the future contributions of each type of LDV in meeting the demand for passenger transport towards 2030 based on their last 11 years' contributions using time as independent variable. Because flex-fuel motorcycles started being produced only in 2009, we model the contribution of the two-wheelers in meeting the passenger transport demand towards 2030 based on their last 5 years contributions. Diesel LDV, showing a relatively stable percentage over the last 11 years, are assumed to maintain the same contribution to demand from 2016 to 2030. We use exponential models for these projections because they present the best fit for the curves of LDV contributions to transport demand. These curves are used to model the LDV contributions towards 2030 while diesel vehicles are kept constant to their contribution in 2016.
Detailed information on the exponential models is presented on SI Figure S1 . Flex-fuel cars, contributing the largest share of passenger transport demand, are assumed to take 100% of the passenger transport demand reduced by the contributions of ethanol-only cars, gasoline-only cars, diesel LDV, total motorcycles, hybrid and electric vehicles. Similarly, for the twowheelers, flex-fuel motorcycles are assumed to take 100% of the total motorcycles passenger transport demand reduced by the trend of gasoline-only motorcycles and electric motorcycles.
The last variable needed to estimate future fuel demand is the fuel consumption coefficient per vehicle type. We use average fuel consumption coefficients per type of LDV, expressed in tonne of oil equivalent per passenger-kilometer (toe/pkm), as presented in Table 3 . In the case of flex-fuel LDV, the market share in the consumption of hydrous ethanol and default fuel blend is not fixed and depends on the relative prices of the two fuel types. To estimate the relationship between fuel prices and hydrous ethanol consumption preference in flex-fuel LDV, we perform a non-linear least-square regression along a logistic curve profile.
We link the proportion of hydrous ethanol consumption in the total fuel consumption from flex-fuel LDV (y-axis, Figure 4 ) and monthly observations of the relative prices between hydrous ethanol and the default fuel blend (x-axis, Figure 4 ). The proportion of ethanol consumption y can be expressed as function of the relative prices between fuels x, according to the relation:
where the low asymptote a is 0.290, the high asymptote b is 0.840, the centre point in the logistic curve α is 0.662, and the slope in the logistic curve λ is 37.504 (R2 = 0.851). (2017b) were adjusted by other vehicles consumption using MMA (2013) .
Monthly observationsfrom January 2008 to December 2012on average fuel prices come from the National Oil Agency (ANP) in Brazil (ANP, 2017a) . The fuel consumption specific for flex-fuel LDV is found by using data on actual hydrous ethanol and default fuel blend monthly sales from fuel suppliers (ANP, 2017b). We adjusted this data by respectively reducing fuel consumption from ethanol-only cars and gasoline-only cars and motorcycles found in the National Vehicles Emissions Inventory (MMA, 2013) . Because this inventory presents fuel consumption on annual basis, we transformed this data to monthly values. We assumed that monthly fuel consumption fluctuations from ethanol-only cars and gasoline-only cars and motorcycles would follow the same monthly fluctuation pattern of total fuel sales from fuel suppliers in Brazil (ANP, 2017b).
Ethanol exports and non-energy ethanol demand
Although most of the ethanol production in Brazil is consumed domestically, a portion of it is traded in the international market and a smaller fraction is consumed for non-energy purposes.
The non-energy ethanol demand has not represented substantial impact in domestic ethanol production historically. Besides, there is no evidence in the international biofuels policy indicating that ethanol exports from Brazil should increase in the short-to-medium term.
Therefore, we keep future ethanol exports, as well as the demand for non-energy ethanol at their average level observed in the period (EPE, 2006 , 2018a .
Accordingly, we add 2.5 billion litres for ethanol exports and 1.2 billion litres for non-energy ethanol demand to our projections of ethanol demand in the domestic transport sector. These GLOBIOM-Brazil is based on the global version of the IIASA's global biosphere management (GLOBIOM) model (Havlík et al., 2011) . It optimizes the competition for land at the grid-cell level by maximizing the sum of consumer and producer surpluses subject to resources and technology availability, as well as policy constraints . Final demand, processing quantities, associated prices and international trade flows are modelled at the regional level, for 30 global economic regions, simulating 18 crop products, seven livestock products and five forestry products (Havlík et al., 2014) . Crop productivity is defined by the EPIC model (Williams, 1995) , and livestock productivity is defined by the RUMINANT model (Herrero et al., 2013; Herrero et al., 2008) . GLOBIOM-Brazil also endogenously adjusts crops and livestock productivities by reallocating production to more suitable areas or changing the management and production systems (e.g. lower to higher input; extensive to semi-intensive) (Havlík et al., 2014) . Land-use change and agricultural output variables are modeled through 3,001 pixels in Brazil, given by 0.5° by 0.5° uniform grid, with a spatial resolution of approximately 50 km x 50 km (Soterroni et al., 2018) . In this study, the model is recursively run for 10-year time steps between the years 2000 and 2030.
Our approach is based on the development and simulation of scenarios that consider different ("Sustainabilitytaking the green road"), SSP2 ("Middle of the road") and SSP3 ("Regional rivalrya rocky road"), as described by Riahi et al. (2017) . GDP and population assumptions then directly determine projections of passenger transport demand for each scenario based on the panel model from Section 2.1. The other drivers of ethanol demand associated to the scenarios are presented in Table 4 . These present the following assumptions: If the reduction to 20% has already been observed in the recent past (Figure 1b) , the blend mandate has never been over 27% in Brazil. There has been unsuccessful attempts of reviewing the current policy and increasing the blend mandate to 40% (OECD and FAO, 2018)6. Therefore, we assume the 35% blend mandate to be a plausible yet progressive measure, in line with the RFO scenario's narrative.
-Fuel prices: We model the relative prices between ethanol and default fuel blend for the BAU scenario assuming the potential fuel price effects from the National Biofuels Policy (RenovaBio). These potential effects were reported by the Brazilian government though a technical note in May 2018. According to this technical note (MME, 2018), by 2028 the average prices of hydrous ethanol (i.e. ethanol used directly in flex-fuel LDV) would be reduced by 2.1%. Average prices of anhydrous ethanol (i.e. ethanol used in the default fuel blend) would be reduced by 2.3%, and average prices of gasoline A (i.e. pure gasoline before blending) would be increased by 0.7%. This relative stability of gasoline prices expected by the Brazilian government is also consistent to the trend suggested by the World Energy Outlook 2017 (OECD, 2017) . The international institute expects oil prices to stay "lower for longer" not only in the next few years but possibly for a decade or so. We take into account these potential effects from RenovaBio, and we note that the average price ratio between ethanol and default fuel blend during the first half of 2018 in Brazil was 69.1%. BAU scenario therefore assumes an average price ratio of 67.8% by 2030, remaining approximately the same in the short to medium-term. The RFO scenario would have average prices more favorable for ethanol consumption in comparison to the fuel blend, i.e. in the 60% mark,
whereas the average price ratio in the FFO scenario would be 75%. In order to test the influence across scenarios of the different drivers presented in Table 5 . 
Future fuel demand
As presented in the methods section, we find future fuel demand by first allocating total passenger transport demand across the LDV fleet in Brazil. We show in figure 5 Detailed information on the final ethanol demand curves fed into GLOBIOM-Brazil is presented in SI Table S8 -S10. This consider the projected demand for ethanol in the light-duty vehicles transport sector commented above, as well as exports and the non-energy ethanol demand are.
Land-use implications
The future demand for ethanol in Brazil triggers a large expansion of domestic production of sugar cane. According to our projections, between 2010 and 2030, sugarcane production would rates is on par with a recent empirical study (Dias et al., 2016) . Using remote sensing imagery combined with census and inventory data, the authors show that the stocking rate in Brazil has increased by 28% per decade (50% in the Amazon) between 1990 and 2010. Note that a small growth in stocking rate liberates enough pasture area to accommodate the expansion of ethanol consumption, and thus of sugarcane crop area, across scenarios. Detailed evolution of cattle herd numbers, pastureland area and stocking rates is presented in Table 6 . 2020-2010 2030-2010 2020-2010 2030-2010 2020-2010 2030-2010 Cattle Table 7 , particularly in the comparison between RFO and FFO scenarios). These results therefore suggest a weak correlation between sugarcane expansion and deforestation growth in Brazil, in particular in the Amazon. Quantitatively, each additional sugarcane hectare results in a loss of 0.05 ha of native vegetation (72% in the Cerrado and 17% in the Amazon; see SI Table S11 ). The addition loss of grass, shrubs and secondary vegetation areas (see "non-productive land" in Table 7 
Discussion
Our results provides more clarity on the prospect on future ethanol demand in Brazil, influenced by different macroeconomic and policy drivers, and its implications for land-use competition. Our projection of ethanol demand for the transport sector in Brazil accounts for 46.6 billion litres in the BAU scenario by 2030. This is consistent with recent official projections from EPE, with 45.3 billion liters of ethanol demand in their medium growth scenario by 2030 (EPE, 2018b). Our results for a BAU scenario also reflect projections from the International Energy Agency (IEA). In their World Energy Outlook (OECD, 2017), the organization predicts an 85% increase in the ethanol demand in Brazil by 2040, compared to the consumption of 28 billion litres observed in 2016, resulting in a demand of 51.8 billion litres. As a matter of comparison, if we extend the projections to 2040 using our same methods, ethanol demand would rise to 51.6 billion litres in the BAU scenario. Extended ethanol projections to 2050 using our fuel demand model can be consulted in SI Table S12 . An ever-growing demand for food, feed and biofuel triggered the competition for land and a spatial reorganization of land use in Brazil (Melo et al., 2018) . Low-productive, extensive cattle ranching is being increasingly replaced by higher-income (per unit of area) crops, like soybeans or sugarcane (Martha et al., 2012; Melo et al., 2018) . This process could have a negative impact on food production, and directly or indirectly generate the suppression of native vegetation areasas presented, for example, by Lapola et al. (2010) . Our results, which cover the period of 2010-2030 and include different scenarios of sugarcane ethanol demand, do not support this narrative in the case of sugar cane expansion. We found that sugarcane ethanol production is projected to expand mostly at the expense of pastures, with little direct or indirect impact on other crops and on native vegetation, including forests in the Amazon. Naturally, this result depends on the assumption that the AEZ for sugarcane will continue to be enforced. It is also strongly driven by the assumption that Brazil will keep supporting an increase of cattle Although we feed GLOBIOM-Brazil with three different ethanol demand scenarios, for modeling the land use competition in this study we assume an overall scenario of governance in Brazil. This governance scenario captures the historical deforestation trends, as described by Soterroni et al. (2018) in their imperfect illegal deforestation control scenarios. In this sense, more optimistic or pessimistic governance scenarios could also develop on the land use impact side. They depend on how the country complies with its land-use policy commitments, such as the control of illegal deforestation and the AEZ for sugarcane. These circumstances are particularly relevant in the current political context of transitioning governments and the uncertainties that it brings to the future of the commitments made by Brazil to the Paris Agreement.
The results of our analysis are also contingent to some choices made in the scenario design. As explained in the methods section, we kept the demand patterns for other agriculture products aligned with the assumptions of the SSP2 scenario. Demand for other agriculture products remains endogenous to market prices, and therefore react to the different level of pressure on land coming from the sugarcane demand level. However, the actual land-use outputs for our RFO and FFO scenarios could differ more significantly if we were also using SSP1 or SSP3
for demand projections of other agriculture products in GLOBIOM-Brazil. Nonetheless, this potential disparity on future land-use would be caused by other agriculture products and not driven only by the difference in ethanol demand -which is the focus in this study. Another source of scenario uncertainty is the influence of the international sugar market. A shift away from the historical patterns on the international sugar demand could influence the supply of ethanol domestically. This would have consequences on ethanol prices that our scenarios do not directly investigate, even if this factor played a similar role to the change in fossil fuel price (through the price ratio of Figure 4 ). The fluctuation around the volumes of ethanol exports from Brazil could likewise affect our projections of ethanol demand, if they occur differently from our assumptions in this regard. The potential deployment of other sources of biofuels in Brazil, such as corn-based ethanol, and second-generation ethanol (from sugarcane or other crops) would have direct influence on the first generation sugarcane ethanol demand we focus on here. The land-use implications of a stronger development of these types of fuels in the Brazilian context should be subject of future research. Finally, we note the uncertainties associated to partial equilibrium models (Wicke et al. 2015) and indirect land-use change modelling (Verstegen et al. 2016) . The results proposed here should be approached as an illustration of the impacts of possible scenarios and not as a policy assessment, which would require a different set of scenarios and sensitivity analyses.
Conclusions and Policy Implications
We thoroughly investigate how different macroeconomic and policy drivers could influence the future demand for ethanol in Brazil and the associated land-use consequences. We show how ethanol demand is sensitive to GDP and population growth, fuel blend mandates, fuel prices, fleet composition and efficiency gains in fuel consumption. Future developments of these influencing factors could increase demand for sugarcane ethanol between 13% and 114% above the consumption observed in 2018. Such increase could drive up sugarcane cultivated area, already stimulated by increased sugar demand for food, by an extra 1.2 Mha to 5 Mha.
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